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7KHFKDQJHRILQWHUQDOIRUFHVLQDWXQQHOOLQLQJGXULQJHDUWKTXDNHVFDQEHFDOFXODWHGIROORZLQJVHYHUDODSSURDFKHV
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G\QDPLF DQDO\VLV PXVW EH SHUIRUPHG 7KHVH DFKLHYH WKH PRVW UHOLDEOH VHLVPLF GHVLJQ RI WXQQHOV XQGHUJRLQJ
HDUWKTXDNHVLQFOXGLQJVRLOVWUXFWXUHLQWHUDFWLRQDQGLUUHYHUVLEOHJURXQGEHKDYLRXU,QDGGLWLRQILQLWHHOHPHQWDQDO\VHV
VKRXOG DOORZ WKH FRPSOHWH WKUHHGLPHQVLRQDO VWUXFWXUH RI WKH WXQQHO WR EH WDNHQ LQWR DFFRXQW WRPRGHO ERWK WKH
H[FDYDWLRQSURFHVVWKDWDIIHFWVWKHLQLWLDOVWDWLFFRQGLWLRQVDQGWKHHIIHFWRIVHLVPLFZDYHVRIDQ\GLUHFWLRQ
,QWKLVSDSHUWKUHHGLPHQVLRQDOILQLWHHOHPHQWDQDO\VHVZHUHSHUIRUPHGWRVLPXODWHWKHEHKDYLRXURIDFLUFXODU
WXQQHOOLQLQJGXULQJHDUWKTXDNH7KHQRQOLQHDUDQGLUUHYHUVLEOHVRLOEHKDYLRXUZDVPRGHOOHGWKURXJKDQHODVWLFSODVWLF
VWUDLQKDUGHQLQJPRGHOZLWKVPDOOVWUDLQRYHUOD\>@7KHHIIHFWRIWKHVWDWLFVWDWHRIVWUHVVZDVH[SOLFLWO\WDNHQLQWR
DFFRXQWE\PRGHOOLQJ WKH WXQQHOH[FDYDWLRQSURFHVVDQGYDOLGDWHGDJDLQVWH[LVWLQJ OLWHUDWXUH>@7KHHIIHFWRI WKH
VHJPHQWDOOLQLQJWKDWLVLPSRUWDQWDOVRLQVWDWLFFRQGLWLRQV>@KDVEHHQFRQVLGHUHGE\PRGHOOLQJWKHVHJPHQWDOOD\RXW
RIHDFKULQJRIWKHOLQLQJDOWKRXJKZLWKDIHZVLPSOLI\LQJDVVXPSWLRQV
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WKHYHUWLFDOGHSWKLVWLPHVWKHUHOHYDQWVPDOOVFDOHGLPHQVLRQ
PWKHZLGWKPKDVEHHQHVWDEOLVKHGE\DVHULHVRISDUDPHWULFDQDO\VHVLQRUGHUWRUHDFKDIUHHILHOGFRQGLWLRQ
DQGPLQLPLVH WKH LQIOXHQFH RI ERXQGDULHV$ ORQJLWXGLQDO VWUHWFK RI WKHPRGHO RI P KDV EHHQ FRQVLGHUHG WR
JXDUDQWHHSODQHVWUDLQFRQGLWLRQV LQ WKHFHQWUDO UHIHUHQFHVHFWLRQ WREHFRPSDUHG WR WKHH[SHULPHQWDO UHVXOWV7KH
ODWHUDOERXQGDU\FRQGLWLRQVFRQVLVWRQIL[HGGLVSODFHPHQWVLQWKHKRUL]RQWDOGLUHFWLRQSHUSHQGLFXODUWRWKHYHUWLFDO
VLGHVRIWKHPHVKLQVWDWLFFRQGLWLRQYLVFRXVGDVKSRWVDUHDSSOLHGGXULQJG\QDPLFVWDJHVRIDQDO\VLV>@WKHEDVHRI
WKHPRGHOLVIL[HGERWKLQYHUWLFDODQGLQKRUL]RQWDOGLUHFWLRQVWKHQRGHVDWWKHWRSVXUIDFHLQVWHDGDUHFRPSOHWHO\IUHH
7KHPLQLPXPPHVKVL]HZDVVHWDVDIXQFWLRQRIWKHPD[LPXPLQYHVWLJDEOHIUHTXHQF\RIWKHVLJQDOIPD[ +]
>@7KHSVHXGRKDUPRQLFLQSXWVLJQDOUHDGE\WKHUHIHUHQFHDFFHOHURPHWHU$&&DQGVFDOHGXSWRSURWRW\SHVFDOH
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VWLIIQHVV GHFD\ ZLWK WKH VWUDLQ OHYHO DQG WKH SODVWLF GHIRUPDWLRQ LQ WKH HDUO\ VWDJHV RI ORDGLQJ 7KH PHFKDQLFDO
SDUDPHWHUVRIWKHVRLOZHUHGHULYHGIURP/DQ]DQRHWDO>@
)LJXUHVKRZVWKHFRPSDULVRQEHWZHHQVRPHH[SHULPHQWDODQGQXPHULFDOUHVXOWVLQWHUPVRIDFFHOHUDWLRQVWLPH
KLVWRULHV)RXULHUVSHFWUDDQGUHVSRQVHVSHFWUDDWWKHWRSRIWKHUHIHUHQFHDUUD\7KHUHIHUHQFHVLJQDO$&&DORQJWKH
IUHHILHOGYHUWLFDOLVVKRZQLQWKHILJXUH
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7KHQXPHULFDOUHVXOWVDUHLQJRRGDJUHHPHQWZLWKWKHH[SHULPHQWDOGDWDERWKLQWHUPVRIDFFHOHUDWLRQDQGLQWHUPV
RISVHXGRDFFHOHUDWLRQDQGDPSOLWXGH7KHUHLVDQHYLGHQFHRIRYHUDPSOLILFDWLRQRIWKHVLJQDODWKLJKIUHTXHQFLHVDV
REVHUYHGDOVRE\$PRURVLHWDO>@
2QFHYHULILHGWKHDELOLW\RIWKH'PRGHOWREDFNFDOFXODWHWKHH[SHULPHQWDOUHVXOWVWKHFDOFXODWLRQVZHUHH[WHQGHG
WRDQDO\VHWKHEHKDYLRXULQWKHVDPHVDQGOD\HURIDGLIIHUHQWWXQQHOOLQLQJWKDWLVDUHLQIRUFHGFRQFUHWHOLQLQJZLWK
WKLFNQHVVW PDQGGLDPHWHU' P$[LDODQGIOH[XUDOVWLIIQHVVRIWKHULQJZHUHVHWWR($ (N1PDQG
(, (N1PPUHVSHFWLYHO\DQGDUHDOLVWLFLQWHUIDFHZDVDVVXPHGVHWWLQJ5LQWHUIDFH 


P
233 Stefania Fabozzi and Emilio Bilotta /  Procedia Engineering  158 ( 2016 )  230 – 235 
$VHWRIQDWXUDOLQSXWVLJQDOVZDVDSSOLHGDVWLPHKLVWRULHVRIDFFHOHUDWLRQDWWKHEDVHRIWKHPHVK7KHPDLQUHVXOWV
DUHGLVFXVVHGLQWKHQH[WVHFWLRQ
,QIOXHQFHRISUHVHLVPLFFRQGLWLRQV
'HVSLWHZKDWZDVPRGHOOHGLQWKHFHQWULIXJHWHVWZKHUHWKHWXQQHOOLQLQJZDVDOUHDG\LQSODFHZKHQWKHJURXQGVWUHVVHV
ZHUHDSSOLHGGXULQJVSLQXS LQ UHDOLW\ WXQQHOOLQJ LQYROYHVD UDWKHUFRPSOH[FRQVWUXFWLRQSURFHVV6XFKDSURFHVV
PRGLILHVWKHVRLOVWUHVVHVDURXQGWKHWXQQHODQGWKLVPD\LQIOXHQFHWKHG\QDPLFUHVSRQVHRIWKHWXQQHOOLQLQJGXULQJ
IROORZLQJVKDNLQJ+HQFHWKHHIIHFWVRIDIXOOH[FDYDWLRQSURFHVVZHUHWDNHQLQWRDFFRXQWLQWKHDQDO\VHV
7\SLFDOPHFKDQL]HG WXQQHOOLQJE\DQHDUWKSUHVVXUHEDODQFH (3%PDFKLQHZDV VLPXODWHG LQ WKHDQDO\VHVE\
PRGHOOLQJLQVWDJHVWKHDGYDQFHPHQWRIOLQHGFDYLW\XSWRWKHFRPSOHWLRQRIWKHIXOOWXQQHOVWUHWFKDVIROORZV$VWLII
F\OLQGULFDO SODWHPRGHOOHG WKH 7%0 VKLHOG 7R WDNH LQWR DFFRXQW WKH VKLHOG WDSHULQJ D OLQHDUO\ YDU\LQJ GLDPHWHU
FRQWUDFWLRQZDVDSSOLHGDORQJWKHSODWHXSWRDPD[LPXPYDOXHRI7KHODVWLQVWDOOHGULQJRIOLQLQJSRVLWLRQHG
XQGHUWKH7%0WDLOVNLQZDVPRGHOOHGZLWKDQHODVWLFYROXPHRIFRQFUHWH( *3DDQGORDGHGLQORQJLWXGLQDO
GLUHFWLRQE\ D MDFN WKUXVW RI 01 -XVW EHKLQG WKH LQVWDOOHG ULQJ WKH LQMHFWHGJURXW LQ LWV HDUO\ IUHVK VWDWHZDV
PRGHOOHGE\DSSO\LQJDQXQLIRUPUDGLDOSUHVVXUHERWKRQWKHDGMDFHQWULQJDQGDJDLQVWWKHVRLODORQJWKHUHVWRIWKH
OLQLQJWKHKDUGHQHGJURXWZDVPRGHOOHGDVDOD\HUPWKLFNKDYLQJDQHODVWLFVWLIIQHVV( *3D2QFHFRPSOHWHG
WKHZKROHWXQQHOVWUHWFKWKHG\QDPLFDQDO\VLVZDVFDUULHGRXW7KHUHVXOWVZHUHFRPSDUHGZLWKWKRVHREWDLQHGZLWKRXW
VLPXODWLQJ WKH H[FDYDWLRQ )LJXUH D VKRZV D WLPH KLVWRU\ RI DFFHOHUDWLRQ DSSOLHG DW WKH EDVH RI WKHPRGHO ,W LV
H[WUDFWHG IURP WKH(XURSHDQ6WURQJ0RWLRQGDWDEDVH DQG UHFRUGHGGXULQJ WKH 6RXWK ,FHODQG(DUWKTXDNH 0 
,Q)LJXUHEWKHFRUUHVSRQGLQJ)RXULHUVSHFWUXPLVVKRZQ
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EHQGLQJPRPHQW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KRRSIRUFH
)LJXUHVKRZV WKH WLPHKLVWRULHVRIEHQGLQJPRPHQW DDQGKRRSIRUFHEFDOFXODWHGDW WKHSRLQW1(RI WKH
UHIHUHQFHFHQWUDOVHFWLRQRIWKHWXQQHOOLQLQJ$SHUPDQHQWDFFXPXODWLRQRILQWHUQDOORDGVLQWKHWXQQHODWWKHHQGRI
VKDNLQJFDQEHREVHUYHGDERXWWKHPD[LPXPWUDQVLHQWFKDQJHFDOFXODWHGGXULQJVKDNLQJ7KLVUHVXOWFRQILUPV
WKHH[SHULPHQWDOHYLGHQFHVREWDLQHGE\/DQ]DQRHWDO>@DQGWKHQHHGWRXVHDVXLWDEOHHODVWLFSODVWLFFRQVWLWXWLYH
PRGHOIRUVRLOWRFDSWXUHVXFKDQHIIHFW,Q)LJXUHWKHGLVWULEXWLRQRIEHQGLQJPRPHQW)LJDKRRSIRUFH)LJE
DQGORQJLWXGLQDOIRUFH)LJFLQWKHWUDQVYHUVHUHIHUHQFHVHFWLRQDUHVKRZQ7KHFXUYHVFRUUHVSRQGWRWKHVWDWLFµSUH
VKDNLQJ¶FRQWLQXRXVOLQHVDQGWRWKHµSRVWVKDNLQJ¶FRQGLWLRQVGDVKHGOLQHVIRUERWKFDVHVRIVLPXODWHGH[FDYDWLRQ
EODFNOLQHVDQGZLVKHGLQSODFHWXQQHOJUH\OLQHV7KHVWUHVVFKDQJHGXHWRWKHH[FDYDWLRQHQVXUHVORZHULQWHUQDO
ORDGLQJVLQWHUPVRIEHQGLQJPRPHQWV)LJDDQGQRUPDOIRUFHV)LJEZLWKUHVSHFWWRWKHFDVHRIDZLVKHGLQ
SODFHWXQQHO)XUWKHUPRUHWKHODWWHULVDOPRVWQRWORDGHGLQORQJLWXGLQDOGLUHFWLRQ)LJF,QFRPSDULVRQWRWKHSUH
VKDNLQJFRQGLWLRQFRQWLQXRXVOLQHVWKHGLIIHUHQFHEHWZHHQEHQGLQJPRPHQWVDQGKRRSIRUFHVDIWHUVKDNLQJGDVKHG
OLQHVLVORZHU+RZHYHUWKHSHUPDQHQWFKDQJHRILQWHUQDOIRUFHVDVVRFLDWHGZLWKWKHFDVHRIVLPXODWHGH[FDYDWLRQLV
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ODUJHUWKDQLQWKHFDVHRIZLVKHGLQSODFHWXQQHO7KLVKLJKOLJKWVWKHHIIHFWRIFRQVWUXFWLRQRQWKHVHLVPLFGHPDQGRI
WKHWXQQHOOLQLQJ7KHVRLOVWLIIQHVVDURXQGWKHWXQQHOJUDGXDOO\GHFUHDVHVGXULQJWKHH[FDYDWLRQKHQFHWKHUHODWLYH
VWLIIQHVVRIWKHWXQQHOOLQLQJGXULQJWKHIROORZLQJVKDNLQJLVODUJHUWKXVLQFUHDVLQJWKHFKDQJHVRILQWHUQDOIRUFHV










)LJ'LVWULEXWLRQDORQJWKHWUDQVYHUVHUHIHUHQFHVHFWLRQRIDEHQGLQJPRPHQWEKRRSIRUFHFORQJLWXGLQDOIRUFHVWDWLFµSUHVKDNLQJ¶
FRQWLQXRXVOLQHVDQGµSRVWVKDNLQJ¶GDVKHGOLQHV
,QIOXHQFHRIWKHVHJPHQWDOOD\RXW
$SUHFDVWFRQFUHWHVHJPHQWDOOLQLQJLVW\SLFDOO\LQVWDOOHGZLWKLQD7%07KHVHJPHQWDOOD\RXWRIVXFKDOLQLQJ
DIIHFWV LWV VWUXFWXUDO GHPDQG JHQHUDOO\ UHGXFLQJ WKH LQWHUQDO IRUFHV WKDW DULVH LQ VWDWLF FRQGLWLRQV FRPSDUHG WR D
FRQWLQXRXVOLQLQJKDYLQJWKHVDPHVWUXFWXUDOVHFWLRQ
,QRUGHUWRDQDO\VHWKHHIIHFWRIWKHMRLQWHGOD\RXWRIWKHWXQQHOOLQLQJXQGHUVKDNLQJDIXUWKHUDQDO\VLVZDVFDUULHG
RXW7KHMRLQWVEHWZHHQWKHVHJPHQWVFDQEHDVVXPHGDVHODVWLFSODVWLFKLQJHVZLWKDELOLQHDU0șUHODWLRQ>@
WKHURWDWLRQDOVWLIIQHVVZDVFDOFXODWHGDV.ɽ 01PUDGPDQGWKHOLPLWLQJEHQGLQJPRPHQWDV0OLP N1PP
7KH JHRPHWU\ RI WKH OLQLQJ ZDV KHQFH PRGLILHG WR LQFOXGH ERWK ORQJLWXGLQDO MRLQWV EHWZHHQ VHJPHQWV DQG
FLUFXPIHUHQWLDOMRLQWVEHWZHHQULQJVDFFRUGLQJWRDURWDWHG'VSDWLDOFRQILJXUDWLRQDORQJWKHWXQQHOD[LV³PDVRQU\
OD\RXW´7KHORQJLWXGLQDOMRLQWVZHUHPRGHOOHGDVGHIRUPDEOHHODVWLFYROXPHWKLFNQHVV PZLGWK PZLWK
D<RXQJ¶VPRGXOXV( *3DWRUHSURGXFHWKHFDOFXODWHGURWDWLRQDOVWLIIQHVV.ɽ7KHWUDQVYHUVDOMRLQWVZHUHPRGHOOHG
DVHODVWLFLQWHUIDFHVRIWKHVDPHPDWHULDOEHWZHHQDGMDFHQWULQJV












)LJ'LVWULEXWLRQDORQJWKHWUDQVYHUVHUHIHUHQFHVHFWLRQRIDEHQGLQJPRPHQWEKRRSIRUFHFRQWLQXRXVYVVHJPHQWDOOLQLQJ
,Q)LJXUHWKHGLVWULEXWLRQDORQJWKHWUDQVYHUVHUHIHUHQFHVHFWLRQRIEHQGLQJPRPHQW)LJDDQGKRRSIRUFH
)LJEFDOFXODWHGDWWKHHQGRIVKDNLQJDUHVKRZQ,WLVHYLGHQWWKHORZHUVWUXFWXUDOGHPDQGRIWKHVHJPHQWDOOLQLQJ
FRPSDUHGWRWKHFRQWLQXRXVOLQLQJ
'HVSLWH WKH IDFW WKDW WKH ORDGV DFWLQJ LQ WKH VHJPHQWDO OLQLQJ DW WKH HQG WKH HDUWKTXDNH DUH ORZHU WKDQ LQ WKH
FRQWLQXRXVOLQLQJLQWKHIRUPHUFDVHDSRVVLEOHIUDJLOLW\PD\DULVHGXHWRWKHUHODWLYHURWDWLRQEHWZHHQVHJPHQWV7KLV
PD\LQGXFHGHFRPSUHVVLRQRIWKHMRLQWDQGFRQVHTXHQWGLVORFDWLRQRIWKHUXEEHUJDVNHWWKDWJXDUDQWHHZDWHUWLJKWQHVV
DWWKHFRQWDFW)LJXUHVKRZVWKHWLPHKLVWRULHVRIUHODWLYHURWDWLRQEHWZHHQVHJPHQWVGXULQJVKDNLQJFDOFXODWHGLQ
WKHMRLQWVDWDQGDERXWWKHKRUL]RQWDOWXQQHOD[LV,WLVLQWHUHVWLQJWRSRLQWRXWWKDWSHUPDQHQW
UHODWLYHURWDWLRQVUHPDLQVLQEHWZHHQVHJPHQWVDWWKHHQGRIVKDNLQJ7KHLUPDJQLWXGHLVVRPHWLPHVUDWKHUFORVHWR
WKHSHDNYDOXHVFDOFXODWHGGXULQJVKDNLQJVXJJHVWLQJDSRWHQWLDOSHUPDQHQWORVVRIZDWHUWLJKWQHVVRIWKHOLQLQJ
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
)LJ7LPHKLVWRULHVRIUHODWLYHURWDWLRQEHWZHHQVHJPHQWVGXULQJVKDNLQJ
&RQFOXVLRQV
7KHQXPHULFDODQDO\VHGSUHVHQWHGLQWKLVZRUNZHUHFDOLEUDWHGRQDSXEOLVKHGH[SHULPHQWDOEHQFKPDUNDQGWKHQ
H[WHQGHGWRPRGHODUHDOLVWLFFDVHPRUHFRPSOH[LQWHUPVRIJHRPHWU\RIWKHOLQLQJDQGFRQVLGHULQJQDWXUDO LQSXW
VLJQDOV7KHHIIHFWRIWKHFRQVWUXFWLRQVWDJHRQWKHVHLVPLFGHPDQGRIWKHWXQQHOOLQLQJLVFOHDUO\HYLGHQFHGLQWKH
UHVXOWVLQGLFDWLQJWKDWWKHSUHVHLVPLFJURXQGFRQGLWLRQVLQIOXHQFHVWKHPDJQLWXGHRIFKDQJHVRILQWHUQDOIRUFHGXULQJ
DQGDIWHUVKDNLQJ1XPHULFDOUHVXOWVDOVRVKRZWKHVLJQLILFDQWHIIHFWRIWKHMRLQWHGSDWWHUQRIDVHJPHQWDOOLQLQJZKLFK
LPSOLHVDODUJHUIOH[LELOLW\DQGFRPSUHVVLELOLW\LQWKHWUDQVYHUVHVHFWLRQFRPSDUHGWRDFRQWLQXRXVOLQLQJKHQFHORZHU
VWUXFWXUDOGHPDQG2Q WKHRWKHUKDQGSHUPDQHQW URWDWLRQVRI WKH MRLQWVZHUHFRPSXWHGDW WKHHQGRI WKHG\QDPLF
VWDJHVZKLFKPD\UHSUHVHQWDIXUWKHUVWUXFWXUDOIUDJLOLW\RIDVHJPHQWDOOLQLQJXQGHUVHLVPLFVKDNLQJ7KLVHYLGHQFH
PD\OHDGWRVRPHFRQFHUQVLQKLJKO\SHUPHDEOHVRLOVZKHUHDQH[FHVVLYHURWDWLRQRIMRLQWVPD\SURGXFHGLVORFDWLRQ
RIJDVNHWVDQGFDXVHVHYHUHLQIORZIURPJURXQGZDWHU
$FNQRZOHGJHPHQWV
7KHUHVHDUFKDWWKHEDVLVRIWKHSUHVHQWSDSHUZDVSDUWO\FDUULHGRXWZLWKLQWKH5H/8,6'3&UHVHDUFKSURMHFW
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